Necrotic enteritis (NE) is a poultry disease caused by Clostridium perfringens and characterized by severe intestinal necrosis. The incidence of avian NE has been progressively increasing following the removal of antibiotics from poultry feed. We evaluated the effect of diets supplemented with the thermally-processed clays, calcium montmorillonite (CaMM) on clinical signs, immunopathology, and cytokine responses in broiler chickens using an experimental model of NE consisting of co-infection with Eimeria maxima and C. perfringens. In Trial 1, Ross/Ross chickens were fed from hatch with a normal basal diet or a CaMM-supplemented diet with or without a fermentable fiber, an organic acid, and/or a plant extract, and co-infected with E. maxima and C. perfringens under conditions simulating clinical infection in the field. Chickens fed a diet supplemented with CaMM plus a fermentable fiber and an organic acid had increased body weight gain, reduced gut lesions, and increased serum antibody levels to C. perfringens α-toxin and NetB toxin compared with chickens fed the basal diet alone. Levels of transcripts for interleukin-1β (IL-1β), IL-6, inducible nitric oxide synthase, and tumor necrosis factor-α superfamily-15 were significantly altered in the intestine and spleen of CaMM-supplemented chickens compared with unsupplemented controls (p＜ 0.05). In Trial 2, Cobb/Cobb chickens were fed an unsupplemented diet or a diet supplemented with CaMM or Varium ® , each with a fermentable fiber and an organic acid, and co-infected with E. maxima and C. perfringens under subclinical infection conditions. Compared with unsupplemented controls, broilers fed with CaMM plus a fermentable fiber and an organic acid had increased body weight gain, and reduced feed conversion ratio, mortality, and intestinal lesions, compared with chickens fed an unsupplemented diet (p＜0.05). Dietary supplementation of broiler chickens with CaMM plus a fermentable fiber and an organic acid might be useful to control avian NE in the field.
Introduction
Necrotic enteritis (NE) is an economically important intestinal infectious disease caused by the common gut bacterium, Clostridium perfringens, under conditions favoring in vivo bacterial proliferation (Drew et al., 2004; Jia et al., 2009) . NE is estimated to cost U.S. commercial poultry producers up to $3 billion annually. Even mild subclinical outbreaks in a flock can cost more than $0.07 per bird (Skinner et al., 2010) . The incidence of NE has been increasing globally following the reduction in use of in-feed antibiotics, such as virginiamycin, that are used to control enteric diseases in poultry (Williams, 2005) . Thus, there is a Research Institutional Animal Care and Use Committee in accordance with the principles and specific guidelines of the Federation of Animal Science Societies (FASS, 2010) . Three-hundred-twenty one-day-old Cobb/Cobb male broilers (Cobb-Vantress, Cleveland, GA) were randomly divided into 5 groups (64 birds/group). The chickens were fed ad libitum from hatch to day 18 post-hatch with either a non-medicated commercial basal ration containing 17% (wt/wt) crude protein or the same basal ration (Table 2 ) supplemented with 0.25% CaMM plus organic acid and a fermentable fiber (group D), 0.25% Varium ® , or 22 mg/kg VM (Table 4 ). The scheme of experimental protocol of Trial 1 and 2 are illustrated in Fig. 1 .
Chickens and Experimental Models of Avian NE
In Trial 1, the chickens were initially housed in Petersime starter brooder pens (Petersime Incubator Co, Gettysburg, OH) in a disease-free facility. At 14 day post-hatch, the broilers were transferred to large hanging cages in a separate location where one group was uninfected while the remaining groups were co-infected with E. maxima and C. perfringens under conditions simulating clinical infection in the field as described (Park et al., 2008; Jang et al., 2012) . Briefly, the birds were given an oral infection of 1.0×10 4 sporulated oocysts of E. maxima (strain 41A) at day 14 posthatch, followed 4 days later by oral infection with 1.0×10 9 colony forming units (cfu) of a field strain of C. perfringens (strain Del-1). E. maxima and C. perfringens were maintained and propagated as previously described (Lee et al., 2011) . In Trial 2, chickens were housed in Petersime battery cages in 8 pens with 8 birds per pen. At day 14 post-hatch, the chickens were uninfected or orally inoculated under conditions simulating subclinical infection with 5. 0×10 3 oocysts of E. maxima, followed 5 days later by 1.0×10 8 cfu of C. perfringens in 1.0 ml of broth culture for 3 consecutive days (days 19, 20 and 21 post-hatch) as described (Zhang et al., 2010) .
Intestinal Lesion Scoring
In Trial 1, chickens (5 birds/group) were randomly selected on day 2 following C. perfringens infection (day 20 post-hatch), weighed, and euthanized by cervical dislocation. Approximately 20 cm of the intestine extending 10 cm anterior and posterior from the Meckel's diverticulum was removed and cut longitudinally. Lesion scoring was performed by 3 independent observers in a blinded fashion as described (Prescott, 1979; Park et al., 2008) . Lesions were scored as 0 (normal, no lesion), 1 (thin-walled minor lesions), 2 (moderate focal necrotic lesions), 3 (severe necrotic lesion patches), or 4 (dead or moribund). In Trial 2, three birds from each cage were randomly selected on day 1 following the final C. perfringens infection (day 22 posthatch) and sacrificed, and intestines examined for lesion score as described (Zhang et al., 2010) . Lesions were scored as 0 (normal, no lesion), 1 (thin-walled or friable), 2 (focal necrosis or ulceration), or 3 (severe lesions).
Serum Collection
In Trial 1, blood was collected from chickens (3 birds/ group) by cardiac puncture immediately following euthanasia on day 2 following C. perfringens infection (day 20 posthatch) for measuring circulating α-toxin and NetB toxin levels, and on days 7 and 14 following C. perfringens infection (days 25 and 32 post-hatch) for measuring serum antibodies to α-toxin and NetB toxin. Sera were prepared by centrifugation at 3,000 rpm for 10 min at 4℃ and stored at -20℃ until analysis.
Serum Antibodies to α-Toxin and NetB Toxin
Recombinant C. perfringens α-toxin and NetB toxin were expressed in E. coli as described . Ninetysix well microtiter plates were coated overnight with 1.0 μg/well of each of the recombinant toxins. The plates were washed with PBS containing 0.05% Tween 20 (PBS-T) and blocked with PBS containing 1.0% bovine serum albumin (PBS-B). Sera were diluted 1:20 (vol:vol), 100 μl were added to each well, and incubated with continuous gentle shaking for 2 h at room temperature. The wells were washed with PBS-T and bound antibodies were detected with peroxidase-conjugated rabbit anti-chicken IgG antibody (Sigma, St. Louis, MO) and 3,3′ ,5,5′ -tetramethylbenzidine substrate. Optical density values at 450 nm (OD 450 ) were measured using a microplate reader (Bio-Rad, Richmond, CA) and corrected for background reactivity in the absence of recombinant toxins.
Serum α-Toxin and NetB Toxin Levels
Ninety-six well microtiter plates were coated overnight with 0.5 μg/well of monoclonal antibody to α-toxin or NetB toxin, washed with PBS-T, and blocked with PBS-B. Sera were diluted 1:2 (vol:vol) in PBS-T and 100 μl were added to the wells. The wells were incubated for 2 h at room temperature with continuous gentle shaking, washed with PBS-T, and the bound α-toxin or NetB toxin detected with peroxidase-conjugated rabbit anti-α-toxin or anti-NetB toxin antibodies, respectively, and 3,3′ ,5,5′ -tetramethylbenzidine substrate. OD 450 values were measured and serum toxin levels were determined by comparison with a standard curve generated with known concentrations of each purified recombinant toxin.
Quantitative RT-PCR
The levels of transcripts for proinflammatory cytokines and inducible nitric oxide synthase (iNOS) were measured in spleen and intestine as described (Park et al., 2007 (Park et al., , 2008 Xu et al., 2015) . At day 2 following C. perfringens infection, spleens and intestinal jejunum located proximal to the Meckel's diverticulum were collected (5 birds/group). Single cell suspensions of spleen were prepared by gently flushing with a cell strainer to remove clumps. Intestinal jejunum tissues were cut open longitudinally, gently washed 3 times with ice-cold Hank's Balanced Salt Solution (Sigma) containing 100 U/ml of penicillin and 100 μg/ml of streptomycin (Sigma). The mucosal layer was carefully scraped off using a surgical scalpel and intraepithelial lymphocytes Table 3 . Experimental scheme of Trial 1 (Clinical Infection)
Ross/Ross broiler chickens, except the control group, were infected with 1.0×10 4 oocysts of E. maxima on day 14 post-hatch followed by 1×10 9 cfu of C. perfringens on day 18 post-hatch. Crude protein content of the basal diet was 18% between days 0 and 18 post-hatch and 24% from days 18 to 25 (Refer to Table 1 ). Birds (20 birds/group) were randomly divided into 11 groups and fed from day 0 with an unsupplemented diet or diets supplemented with 0.25% or 0.50% CaMM (Calcium Montmorillonite, Calibrin-Z ® , processed by Amlan International, Chicago, IL 60611) with or without a fermentable fiber, an organic acid (OA), or Yucca plant extract containing 10% saponin into the feed formula, or with 22 mg/kg virginiamycin. (IELs) were isolated by density gradient centrifugation. Total RNA from spleen and intestinal IELs was extracted using TRIzol (Invitrogen, Carlsbad, CA). Five micrograms of total RNA were treated with 1.0 U of DNase I and 1.0 μl of 10X reaction buffer (Sigma) and incubated for 15 min at room temperature. One μl of stop solution was added to inactivate DNase I and the mixture was heated for 10 min at 70℃. RNA was reverse-transcribed using the StrataScript firststrand synthesis system (Stratagene, La Jolla, CA) according to the manufacturer's recommendations. Quantitative RT-PCR oligonucleotide primers for chicken interleukin-1β (IL-1β), IL-6, iNOS, tumor necrosis factor superfamily 15 (TNFSF15), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an internal control are listed in Table 5 . Amplification and detection were carried out with the Mx3000P system and Brilliant SYBR Green qPCR master mix (Stratagene). The reverse transcription product was diluted 1:10 (vol:vol), and 5 μl was used for PCR amplification. PCR conditions were as follows: denaturation at 95℃ for 10 min followed by amplification at 72℃ for 1 min for 40 cycles.
Standard curves were generated using log 10 diluted standard RNA to calculate the amplification efficiency and the levels of individual transcripts were normalized to those of GAPDH by the Q-gene program as described (Muller et al., 2002; Lee et al., 2012 Lee et al., , 2013 . Each sample was analyzed in triplicate. To normalize individual replicates, the logarithmic-scaled threshold cycle (C t ) values were transformed to linear units of normalized expression prior to calculating means and SEM for the references and individual targets, followed by the determination of mean normalized expression using the Q-gene program.
Statistical Analysis
For Trial 1, mean±SEM values were compared between different treatment groups by the Duncan's multiple range test following ANOVA using SPSS 15.0 for Windows (SPSS Inc., Chicago, IL). For Trial 2, mean±SEM values were compared between different treatment groups using Duncan's multiple range test using JMP 11.0.0 for Windows (SAS Institute Inc., Cary, NC). In both trials, differences between means were considered significant at p＜0.05. Brooder pens were used for experimental units in repeated experiments in both trials.
Results

Trial 1 Body Weight Gain and Intestinal Lesion Score
Chickens co-infected with E. maxima and C. perfringens and fed an unsupplemented basal diet had significantly (p ＜0.05) reduced body weight gain between days 0 and 6 following E. maxima infection (days 14 and 20 post-hatch) and between days 0 and 7 following C. perfringens infection (days 18 and 25 post-hatch) compared with the uninfected controls (p＜0.05, Table 6 ). In contrast, co-infected chickens that were fed a diet containing 0.25% of a blend of CaMM, a fermentable fiber, and an organic acid (group D) had significantly increased body weight gain between both time spans compared with co-infected birds fed with the unsupplemented diet (group NE) (p＜0.05). In fact, body weight Body weight gains were determined between days 0 and 6 after E. maxima infection, and between days 0 and 7 following C. perfringens infection. Each value represent the mean weight gain±SEM (n＝20). Intestinal lesion scores were determined at day 2 following C. perfringens infection by 3 independent observers in a blinded manner on a scale from 0 to 4. Each value represent the mean score±SEM (n＝5 gains in the 0.25% group D chickens were equal to those of the uninfected controls. Birds in the 0.50% group D also had significantly (p＜0.05) increased body weight gains between days 0 and 6 following E. maxima infection compared with co-infected chickens given the unsupplemented diet. Chickens in the 0.25% or 0.50% group D, as well as those in the 0.50% group Y, had significantly (p＜0.05) decreased intestinal lesion scores at day 2 following C. perfringens infection (day 20 post-hatch) compared with co-infected birds given the unsupplemented diet (Table 4) .
Serum Antibody Levels to C. perfringens α-Toxin and NetB Toxin
Serum antibody levels against α-toxin and NetB toxin were significantly (p＜0.05) greater at days 7 and 14 following C. perfringens infection (days 25 and 32 post-hatch) in birds fed the unsupplemented diet compared with uninfected controls (p＜0.05, Table 7 ). Co-infected chickens in 0.25% group D had further increased antibody levels against both toxins at both time points compared with co-infected chickens given the unsupplemented basal diet. Co-infected birds in the 0.50% group D also had increased antibodies against α-toxin at the later time point compared with co-infected chickens given the unsupplemented diet.
Serum α-Toxin and NetB Toxin Levels
Co-infected chickens in the 0.25% group D and 0.50% group B had significantly (p＜0.05), decreased α-toxin levels in sera at day 2 following C. perfringens infection (day 20 post-hatch) compared with co-infected chickens given the unsupplemented diet (Table 8) . However, none of the dietary treatments influenced NetB toxin levels in sera.
Proinflammatory Cytokine and iNOS Transcript Levels
In intestinal IELs as shown in Fig. 2 , increased levels of IL-1β transcripts normalized to GAPDH transcripts were seen in the 0.50% group C, in the 0.50% group D for IL-6 transcripts, and in the 0.25% group C for TNFSF15 transcripts. Decreased levels of IL-1β transcripts were seen in the 0.25% group C, in the 0.25% groups B and C for IL-6 transcripts, in the 0.25% groups Y and C, and 0.50% group D, for iNOS transcripts, and in the 0.25% groups B and Y, Table 3 and 0.50% groups B, C, and D, for TNFSF15 transcripts. In the spleen as shown in Fig. 3 , increased levels of IL-6 transcripts were seen in the 0.25% group B, and in the 0.25% group Y for TNFSF15 transcripts. Decreased levels of IL-1β and iNOS transcripts were seen in all treatment groups, in the 0.25% groups Y and D, and 0.50% group B, for IL-6 transcripts, and in the 0.25% and 0.50% groups B and D for TNFSF15 transcripts.
Trial 2 Body Weight Gain, Feed Conversion, Mortality, and Intestinal Lesion Score
Chickens co-infected with E. maxima and C. perfringens and fed an unsupplemented diet had significantly (p＜0.05) reduced body weight gain, and increased feed conversion ratio (FCR), mortality, and lesion score, between days 0 and 14, and between days -14 and 14, following E. maxima infection (days 14-28 and 0-28 post-hatch, respectively) compared with the uninfected controls (Table 9 ). In contrast, coinfected chickens that were fed a basal diet containing 0.25% Varium ® had significantly (p＜0.05) increased body weight gain, and decreased FCR, mortality, and lesion score, between both time spans compared with co-infected birds fed the unsupplemented diet (group NE). Co-infected chickens in the 0.25% group D only had decreased FCR compared with co-infected birds given the unsupplemented diet. Dietary VM increased weight gain between days 14 and 28, and reduced FCR and mortality, compared with unsupplemented, co-infected controls.
Discussion
In both the clinical and subclinical models of experimental avian NE, co-infected chickens given the basal unsupplemented diet had significantly (p＜0.05) reduced body weight gain compared with uninfected birds. Decreased growth performance is a prominent hallmark of NE and is responsible for the majority of economic loss for poultry producers (Branton et al., 1997; Kaldhusdal et al., 2001; Lensing et al., 2010; Cravens et al., 2013) . Forty-one percent of the loss due to avian NE in the UK in 1995 was from reduced weight gain (Williams, 2005) . Much of this decreased weight gain is attributable to the appearance of intestinal lesions and other gut pathologies that can vary from mild with by a thin, Journal of Poultry Science, 53 (4) flaccid gut wall and thickened mucus layer, to extensive areas of necrosis and ulceration with significant hemorrhage, typically resulting in death (Jia et al., 2009 ). In the current study, NE-induced chickens on an unsupplemented basal diet in both the clinical and subclinical infection trials showed the greatest lesion scores and lowest weight gains. During clinical infection, treatment groups B, Y, and C showed a trend toward reduced lesion scores and increased weight gains, although none were statistically significant compared with unsupplemented and co-infected controls. However, significantly (p＜0.05) greater body weight gain and reduced intestinal lesions were observed in co-infected chickens fed a diet supplemented with CaMM plus a fermentable fiber and an organic acid (group D) compared with unsupplemented, co-infected controls. In fact, these beneficial effects seen in group D-treated broilers were not seen in clinically-infected chickens given VM, an antibiotic commonly used to control NE in the field (Williams, 2005) . Under the subclinical infection conditions in Trial 2, where a beneficial effect of infeed VM on experimental NE was observed, the 0.25% Varium ® group, and to a lesser extent the 0.25% group D, were equivalent to VM in reducing the negative consequences of this disease. These results suggest that the CaMMbased feed additives, at the specified level of supplementation, may be useful for improving gut health and growth performance in commercial broilers under field conditions. Antibodies to C. perfringens α-toxin and NetB toxin were increased in NE-challenged chickens fed an unsupplemented diet relative to the uninfected controls, and were further increased in co-infected group D animals compared with the unsupplemented, co-infected controls. Increased serum antibodies to the major toxins of C. perfringens may reflect reduced gut damage contributing to improved body weight gain. In other studies, birds fed a potato protein-supplemented diet had increased anti-α-toxin antibody levels along with increased intestinal hemorrhage and liver lesions compared with chickens fed a soy protein-supplemented diet (Palliyeguru et al., 2010) . Higher anti-Salmonella antibody titers were seen in bacteria-infected chickens fed an arginineand vitamin E-supplemented diet compared with birds given an unsupplemented diet (Liu et al., 2014) . Previous work from our laboratory showed higher anti-toxin antibody levels in the sera of healthy chickens raised on farms with endemic NE compared with NE-diseased birds in the same flock, suggesting a protective role for these antibodies against infection in the field (Lee et al., 2011) . Further, when improvements in other response criteria (growth, lesion score, serum α-toxin concentration) were considered, it is likely that the increased levels of these antibodies is due, in part, to an increase in the ability of the avian immune system to respond to bacterial infection. While dietary probiotics, phytochemicals, and yeast-derived compounds all have been shown to increase plasma or serum antibody concentrations in chickens (Haghighi et al., 2005 (Haghighi et al., , 2006 Gao et al., 2008; Kim et al., 2013) , to the best of our knowledge, this is the first report to document that dietary treatment with CaMM plus a fermentable fiber and an organic acid enhances the avian humoral immune response to a combined E. maxima/C. perfringens challenge.
At the level of cellular immunity, the levels of transcript for the cytokines, IL-1β, IL-6, and TNFSF15, and iNOS, were significantly (p＜0.05) altered in the intestine and spleen of CaMM-treated chickens following co-infection with E. maxima plus C. perfringens. In mammals, IL-1β is involved in a variety of cellular activities, including proliferation, differentiation, and apoptosis (Thornberry and Molineaux, 1995) , while IL-6 acts as either a proinflammatory cytokine or an anti-inflammatory myokine (Kamimura et al., 2003) . iNOS catalyzes the synthesis of the cell signaling molecule, nitric oxide, particularly in response to IL-1β (Green et al., 1994) , and TNFSF15 is a proinflammatory cytokine that is increased in chickens in response to Eimeria infection (Park et al., 2007) . In the E. maxima plus C. perfringens co-infection model used here, prior studies showed a mixed response in TNFSF15 transcript levels in intestial IELs, being upregulated on day 1 but downregulated on day 2, following C. perfringens infection compared either with uninfected birds or chickens infected with E. maxima or C. perfringens alone (Park et al., 2008) . In the current study, TNFSF15 transcript levels in intestinal IELs and spleen also were increased or decreased, but in this case in response to the different dietary supplements used. Of the four cytokines/mediators examined here, TNFSF15 transcripts increased to the greatest extent in both the intestine and spleen of the unsupplemented, NE-challenged group compared with the uninfected controls. However, with the exception of the 0.25% groups C and Y, dietary supplementation of co-infected chickens with any of the other CaMM-based treatments either had no effect or decreased TNFSF15 transcripts compared with the unsupplemented, co-infected controls. Park et al. (2008) reported that intestinal IEL levels of IL-1β transcripts were decreased in chickens co-infected with E. maxima and C. perfringens compared with single infection by either pathogen alone, while IL-6 transcipt levels were not affected following infection with either or both microorganisms. Similarly, Yitbarek et al. (2012) reported that IL-6 expression in the intestinal ileum or cecal tonsils was unaffected in C. perfringens-infected chickens compared with uninfected controls, leading these authors to theorize that IL-6 is not involved in Toll-like receptor regulation of C. perfringens-induced NE. Eimeria infection of chickens also induces iNOS expression both in vitro and in vivo (Dalloul et al., 2005; Lee et al., 2014 ). In the current study, iNOS transcripts were either unaffected or decreased in co-infected chickens fed the supplemented diets compared with unsupplemented NE controls.
In conclusion, two separate trials carried out at different research facilities using either a clinical or a subclinical experimental model of avian NE showed that dietary supplementation with the thermally-processed clays, CaMM or Varium ® , in combination with a fermentable fiber and an organic acid improved the growth performance and mitigated the negative effects of the disease. Future studies are needed to further characterize the CaMM-regulated physiological and immunological mechanisms that are activated in response to avian NE.
